Murrayanine is a carbazole alkaloid derived from Murraya koenigii, which has been used in traditional Chinese medicine in the treatment of cancer. This study aimed to investigate the effects of murrayanine on human lung adenocarcinoma cells in vitro and to investigate the mechanisms of its action.
Background
Recently, there has been increasing research on drug discovery and the development of chemotherapy for the treatment of malignancy [1] . However, clinical use of many anticancer drugs is restricted by their adverse effects [2] . Naturally occurring compounds with anticancer effects have gained attention due to their low toxicity [3] . Murrayanine is a carbazole alkaloid derived from Murraya koenigii, which has been used in traditional Chinese medicine in the treatment of cancer [4] . Carbazole alkaloids have been shown to exhibit anticancer effects against a range of cancers [5, 6] . However, the effects of murrayanine have not previously been investigated in human lung cancer.
Worldwide, lung cancer remains a leading cause of mortality from malignancy [7] . Lung cancer accounts for approximately 25% of all the cancers and results in up to 20% of cancer-related deaths [8] . The late diagnosis of lung cancer, lack of biomarkers and therapeutic targets, results in an increased need for more effective treatment [9] . Chemoresistance in lung cancer makes it even more difficult to treat [10] .
Therefore the aim of this study was to investigate the effects of murrayanine on A549 human lung adenocarcinoma cells in vitro and to investigate the mechanisms of its action.
Material and Methods

Cell lines and culture conditions
The A549 human lung adenocarcinoma cell line and the normal lung fibroblast cell line, MRC-5, were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). The cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, antibiotics (100 units/mL penicillin and 100 μg/mL streptomycin), and 2 mM glutamine. The cells were cultured in an incubator at 37°C with 98% humidity and 5% CO 2 (Thermofisher Scientific, Waltham, MA, USA).
Cell viability assay
At around 70% confluence, the A549 and the MRC-5 cells were seeded in 96-well plates and treated with 0-200 µM of murrayanine (98% purity by high-performance liquid chromatography) (Sigma-Aldrich, St. Louis MO, USA). After 24 hours, the cells were incubated with MTT for 4 h. The media was removed and the colored formazan product was solubilized by 200 µl of dimethyl sulfoxide (DMSO). The viability of the A549 and the MRC-5 cells was then determined at an absorbance at 570 nm.
Apoptosis assays
The A549 cells were grown in 6-well plates (0.6×10 6 cells/well). Following an incubation period of around 12 hours, the cells were treated with murrayanine for 24 h at 37°C. As the cells detached from the wells, 25 μl of cell cultures were placed onto glass slides and stained with a solution of acridine orange and ethidium bromide, or propidium iodide (PI), or 4',6-diamidino-2-phenylindole (DAPI). The slides were then covered with a coverslip and examined with a fluorescent microscope.
Cell cycle analysis
After incubating the A549 lung cancer cells with increasing concentrations of murrayanine (0, 9, 18, and 36 µM) for 24 h, the cells were washed with phosphate buffered saline (PBS). The A549 cells were stained with propidium iodide (PI) and the distribution of the cells in cell cycle phases was assessed by fluorescence-activated cell sorting (FACS) and flow cytometry.
Reactive oxygen species (ROS) and mitochondrial membrane potential
For determination of the ROS and mitochondrial membrane potential levels, the A549 cells were treated with 0, 9, 18, and 36 µM concentrations of murrayanine for 24 hours and then the ROS and mitochondrial membrane potential levels in the A549 cells were determined, as described previously [11] .
Cell invasion assays
The murrayanine-treated A549 cells were seeded onto the Matrigel chamber (1×10 5 cells/chamber) and inserted into a well of a 24-well plate, followed by the addition of FBS (10%) to the bottom chamber. After 24 h of incubation, the invasive cells on the lower surface of the chamber were stained with crystal violet (0.1%) and the cells were counted.
Western blot
The A549 cells were washed with ice-cold PBS and resuspended in a lysis buffer at 4°C and then incubated at 95°C. The protein content of each cell extract was determined using the Bradford assay. Then, 40 µg of protein was loaded from each sample and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) before being transferred to a polyvinylidene fluoride (PVDF) membrane. The membranes were then washed with TBS and incubated in primary antibodies at 4°C. The cells were treated with appropriate secondary antibodies and the proteins were visualized by enhanced chemiluminescence (ECL) reagent. The experiments were performed in triplicate. 
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Statistical analysis
Statistical analysis was performed with one-way analysis of variance (ANOVA) followed by Tukey's test using the SPSS software package, version 9.05 (IBM, Chicago, IL, USA). The values were presented as the mean ±SD. A P-value <0.05 was considered to be statistically significant.
Results
Murrayanine inhibited the proliferation of A549 lung cancer cells
The effects of murrayanine were examined on the A549 lung cancer cells and the normal MRC-5 cells by MTT assay at concentrations ranging from 0-200 µM ( Figure 1A ). Murrayanine was found to inhibit the growth of the A549 cells in a concentration-dependent manner ( Figure 1B) . The IC 50 of murrayanine treatment of the A549 cells was found be at 9 µM. However, the effects of murrayanine treatment on the proliferation of the MRC-5 cells were negligible. The IC 50 of murrayanine against the normal MRC-5 cells was >100 ( Figure 1B) .
Murrayanine arrested the A549 cells at the G2/M checkpoint
To understand the mechanism of action of the anti-proliferative effects of murrayanine, the distribution of the cell cycle phase in A549 cells was assessed by flow cytometry at 0, 9, 18, and 36 µM concentration of murrayanine. The percentage of G2/M phase cells increased significantly from 5.27% in the control to 33.17% at a concentration of 36 µM of murrayanine ( Figure 2 ). The arrest of the A549 cells at the G2/M phase was associated with alterations in the expression of several of the cell cycle-related proteins. The protein expression of cyclin D, cyclin E, CDK2, CDK4, and CDK6 were reduced following murrayanine treatment ( Figure 3A) , while the expression of p21 and p27 was significantly increased ( Figure 3B ).
Murrayanine induced apoptosis of A549 cells
The apoptosis in the murrayanine treated A549 cells was determined by using 4', 6-diamidino-2-phenylindole (DAPI), acridine orange and ethidium bromide, and propidium iodide (PI) staining. Using the three assays, the percentage of the apoptotic cells increased with increasing concentrations of murrayanine ( Figure 4) . Apoptosis of the murrayanine-treated A549 cells was further confirmed by examining the protein levels of apoptosis-related proteins by Western blot. Murrayanine treatment increased the cleavage of caspase-3 and caspase-9 in a concentration-dependent manner. Expression of Bax was increased and the expression of Bcl-2 was decreased following murrayanine treatment ( Figure 5 ). The reactive oxygen species (ROS) and mitochondrial membrane potential levels of murrayanine-treated A549 cells were also investigated and the levels of ROS were significantly increased (up to 195% increase) with a decrease in the mitochondrial membrane potential levels (up to 64% decrease) ( Figure 6 ). 
Murrayanine inhibited the phosphorylation of p38 mitogen-activated protein kinase (MAPK) in A549 cells
The effects of murrayanine was also examined on the phosphorylation of the p38 mitogen-activated protein kinase (MAPK) by Western blot analysis. Murrayanine inhibited the phosphorylation of p38 in a concentration-dependent manner ( Figure 7) .
Murrayanine inhibited the invasion of A549 cells
The effect of murrayanine treatment was also investigated on the invasion of the A549 cells by the Matrigel assay. Murrayanine inhibited the invasion of the A549 cells in a concentration-dependent manner. The invasion of the A549 cells decreased by 27% compared with the control cells at a concentration of 36 µM of murrayanine ( Figure 8 ).
Discussion
Worldwide, lung cancer is responsible for high levels of morbidity and mortality [12] . The late diagnosis, lack of diagnostic and therapeutic biomarkers, and poor response by some patients with lung cancer to chemotherapy are all hurdles to treatment [13] . In this study, the effects of murrayanine were evaluated in the A549 lung cancer cell line and the normal MRC-5 lung fibroblast cell line. Murrayanine was found to inhibit the growth of lung cancer cells by triggering G2/M cell cycle arrest. Murrayanine also induced reactive oxygen species (ROS)-mediated reduction in the mitochondrial membrane potential and was associated with apoptotic cell death of the A549 lung cancer cells, with alteration in the protein levels of Bax, Bcl-2, cleaved caspase-3, and cleaved caspase-9.
Murrayanine inhibited the phosphorylation of p38 in a concentration-dependent manner. The results of the Matrigel invasion assay showed that murrayanine suppressed the migration of A549 cells.
The findings of the present study are supported by those of previous studies that have shown that several of the carbazole alkaloids inhibit the growth of cancer cells. For example, the carbazole alkaloid, mahanine, has been reported to inhibit the growth of leukemia cells [14] . Carbazole alkaloids have also been reported to inhibit the growth of cancer cells by triggering cell cycle arrest. Mahanimbine has been reported to halt the growth of pancreatic cancer cells by causing G0/G1 arrest [15] . Therefore, in the present study, the effect of murrayanine on the distribution of the cell cycle phase of the A549 cells showed that murrayanine blocked the A549 cells in the G2/M phase of the cell cycle, which was supported by reduced expression levels of cyclin B and cyclin E and upregulation of p21 and p27, which are key the regulators of cell cycle [16] . Apart from cell cycle arrest, apoptosis is a mechanism to eliminate cancer cells [15] and in this study, murrayanine was found to induce apoptosis of the A549 cells. Murrayanine also enhanced the cleavage of caspase-3 and caspase-9 and increased the Bax/ Bcl-2 ratio. Increased levels of ROS and disruption of the mitochondrial membrane potential have been associated with apoptosis [17] . The findings of the present study showed that murrayanine increased ROS and decreased the mitochondrial membrane potential levels in the A549 cells, supporting cell apoptosis.
Invasion by cancer cells is required for tumor metastasis [18] . Following murrayanine treatment, the inhibition of phosphorylation of p38 mitogen-activated protein kinase (MAPK) and inhibition of invasion of the A549 cells was found in this study.
Murrayanine has an antiproliferative effect and may have an effect on tumor invasion.
Conclusions
Murrayanine induced cell cycle arrest, oxidative stress, and inhibited the expression of phosphorylated p38 in A549 adenocarcinoma cells in vitro. Because of its lack of toxicity, further studies are required that include in vivo studies of the effects of murrayanine in lung cancer and other types of malignancy.
